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ABSTRACT The paper presents a novel variable structure coordinated controller for a brushless doubly 

fed induction generator (BDFG) to improve its dynamic performance. The system under study consists of 

a BDFG driven variable speed wind turbine. The machine model in d-q power winding (PW) 

synchronously rotating reference frame is formulated in Matlab/Simulink. The new vector control 

algorithm which contains two control paths was then developed. The first path controls the active power 

of the power winding and the other controls its reactive power. The dynamic performance of the BDFG 

with the new controller has been tested when the overall system is subjected to a various patterns of wind 

speed. Also the transient and dynamic response is tested under sudden short circuit and open circuit at 

the generator bus. The digital simulation results showed that the new vector controller improved the 

dynamic performance of the overall system. 
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1. INTRODUCTION 
Recently, variable speeds doubly fed generators have 

been extensively utilized in wind energy applications. 

They provide the ability of adjusting the wind turbine 

speed as a function of wind speed in order to maximize 

the output power [1].  One of these generators is the 

Doubly Fed Induction Generator (DFIG) which allows 

the speed variation through the use of bi-directional 

power converter connected to its rotor [2]. The 

disadvantages of DFIG are the presence of slip rings and 

brushes, which need frequent inspections and 

maintenance. Therefore, the reliability of the overall 

system is decreased and the maintenance cost is 

increased [3]. 

Efforts have been directed towards eliminating the 

slip rings and brushes while maintaining the benefits of 

DFIG. In this paper Brushless Doubly Fed Induction 

Generator (BDFG) is proposed. The construction feature 

of grid connected BDFG is shown in Figure 1. In this 

configuration, the stator incorporates two sets of three 

phase windings with different number of poles. One of 

them is connected directly to the grid, and is called the 

Power Winding (PW), since it handles most of machine 

power. The other one is connected via a bi-directional 

converter to the grid, it handles a small percentage of 

machine power and it is called the Control Winding 

(CW). 

 

 
 

The power rating of the converter depends on the 

adjustable speed range, which is limited in variable speed 

wind turbines. Therefore, the converter rating is a small 

percentage of the machine rating [4]. 

P2 

Fig. 1. Configuration of grid connected brushless 

doubly fed induction machine 
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In BDFG the active and the reactive power of the 

power winding can be controlled through controlling the 

magnitude; frequency and phase sequence of the applied 

voltage of the control winding. This can be implemented 

by using direct torque control technique [5] or vector 

control schemes [3, 6, 7]. This paper presents a novel 

vector control of the BDFG which achieves an enhanced 

decoupled control of active and reactive power of BDFG 

driven variable speed wind turbine. 

 

2. SYSTEM MODELING 

The system model is consisting of three main parts. 

 

2.1 Wind Turbine Model 

     The mechanical power output from the wind turbine 

can be calculated from the following equation: 

),(
2

1 32  pwrm CvRP   
 

      (1) 

Where vw is the wind speed, ρ is the air density, Rr is the 

radius of the turbine blades, and Cp is the power 

coefficient or performance coefficient which is a 

function of both the tip speed ratio λ, and the blade pitch 

angle β. The tip speed ratio λ (TSR) is the ratio between 

the tip speed and the wind speed. It can be expressed as 

follows [8, 9]; 
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The relation between the power coefficient and both 

of the tip speed ratio λ and the pitch angle β is 

approximated by the following equation [10, 11]. 
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Where λi is given by:  
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Figure 2 shows the relation between the performance 

coefficient and the tip speed ratio at different pitch angle, 

it can be seen that the maximum performance coefficient 

is Cpmax=0.438 and occurs at a tip speed ratio of λopt=6.3. 

The wind turbine model can be simulated in 

Matlab/Simulink program as shown in Figure 3 [12, 13].  

Fig. 2. Performance coefficient versus tip-speed ratio at 

different pitch angles   

 

 
Fig. 3. Wind turbine input- output model 

2.2 Drive Train Model 

The drive train model of the wind turbine is 

represented by two mass models as shown in Figure 4. 

The model consists of two main masses, i.e. turbine mass 

and generator mass. The two masses are connected to 

each other with a shaft that has a stiffness constant (Ks) 

and damping constant (Ds). The input to the drive train 

model is the aerodynamic torque refereed to the 

generator side (i.e. high speed side) and the output from 

the model is the generator speed (ωg).  The equations of 

the drive train are: 

 

dt

d
JDKT t
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      (5) 
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JTDK t
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      (6) 

Where Tt, Jt and ωt are the torque, inertia and speed of 

the wind turbine referred to the generator side, 

respectively; Tg, Jg and ωg are the torque, inertia and 

speed of the generator, respectively; and θtg is the shaft 

twist angle, which is given by: 
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2.3 Dynamic Model of BDFG 

In order to derive the model of BDFM, the following 

assumptions are made [14]. 

 Assume linear magnetic circuit, and neglect 

saturation. 

 Sinusoidal distributed stator winding 

 No direct mutual coupling between the power and 

control winding.  

The BDFM equations are derived in the d-q reference 

frame which rotates synchronously with the power 
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winding stator flux by angular speed of ω1(The d- axis is 

taken to be aligned with the PW flux space vector) [15, 

16, 17]. These are: 
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Fig. 4. Drive train model 
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Where: 

 vp, vc and  vr are the PW, CW and rotor winding  

voltage vector respectively. 

 Rsp, Rsc and Rrare the PW, CW and rotor 

resistances. 

 Lsp, Lsc and Lr are the self-inductances of the PW, 

CW and rotor winding respectively. 

 Lhp is the mutual inductance between the PW and 

the rotor winding and Lhc is the mutual inductance 

between the CW and the rotor winding. 

 ψp, ψc and ψr are the PW, CW and rotor flux space 

vectors respectively.  

The electromagnetic torque can be expressed as the 

sum of the electromagnetic torques produced by the PW 

and CW. It can be expressed by the following equation. 
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The power windings active and reactive powers are 

expressed as: 
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3. CONTROL STRATEGY OF THE ALL SYSTEM  

The control strategy of the overall system can be 

divided into two parts as following. 

 

3.1 Generator Control Part 

The target of this part is to achieve a fully 

independent control of the active and reactive power of 

the PW, through the control of the control winding 

voltage. This can be fulfilled using the vector control 

technique as described in the following section. 

3.2 PW Power Control     

The model of the BDFG is derived in the PW 

synchronously rotating d-q reference frame with the d-

axis aligned with the PW flux. Accordingly, Ψpd=|Ψp| 

and there is no component in the q-axis: 

ppdpq   &0  (17) 

Since the PW is connected directly to the grid, |Ψp| and 

|vp| can be considered constant. Consequently, equations 

(12) and (13) can be simplified as follows: 

pqpqp ivp
2

3
    and 

pdpqp ivQ
2

3
                                      (18) (18) 

       It can be seen from (18) that the active and reactive 

power can be regulated by the q-component and d-

component of the PW current respectively 

 

 

3.2.1 PW Current Control 

The dynamic relation between the CW and the PW 

currents is derived in Appendix (A).  
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where; 

rsl p 11    (21) 

 

The first two terms of (19) and (20) represent the 

direct relation between (ipd and icd) and (ipq and icq), 

respectively while the other terms represent the cross 

coupling terms which cross couple the d and q axis 

variables (i.e. changing the CW current in one axis 

affects the PW current not only in this axis but also in the 

other axis). From (19) and (20) it can be seen that, the 

PW currents (ipd and ipq) can be linearly controlled by the 

CW currents (icd and icq) respectively after compensating 

the cross coupling terms by feed forward control action.  

 

3.3 Control of CW Currents 

From (8) to (16), the dynamic relation between the 

CW current and the CW voltage in the d-axis (vcd and icd) 

and q-axis (vcq and icq)   can be obtained as follows: 
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Similar to (19) and (20), it can be seen that the first 

two terms in (22) and (23) define the direct relation 

between (vcd and icd) and (vcq and icq) respectively. From 

this relation, it can be seen that, the CW currents (icd and 

icq) can be linearly controlled by the CW voltages (vcd 
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and vcq)   respectively. The other terms in (22) and (23) 

(from the 3
rd

 term up to the 6
th 

term) represent the cross 

coupling disturbances between the d and q axes.  

 

3.4 The Proposed Control Scheme 

From the previous analysis, the active power of the 

PW can be controlled by the q-component of the CW 

voltage, while the reactive power can be controlled by 

the d-component of the CW voltage as follows: 

 
The novel controller developed by the second author 

is a variable structure sliding mode VSC-SMC controller 

with dual loop inter-coupling of the powers P, Q tracking 

loops as shown in Figure 5. The selected (d-q) current 

references are later input to classical PI inner controllers 

to derive the d-q command voltages (vcd
*
, vcq

*
) as shown 

in Figure 6. The use of variable structure outer controller 

for (Pref, Qref) control loops ensure fast dynamic 

reference and minimal ripple content due to the insertion 

of the low pass filter to (σp , σq) sliding surface slopes.  

 

3.5 Wind Turbine Control Scheme 

The target from variable speed wind turbine 

controller is to maximize the captured power from the 

wind when the wind speeds below its rated value and 

limiting the output power at the rated value when the 

wind speed exceeds its rated value. Two controllers are 

required to satisfy the previous control strategy. 

 

3.6 Speed Controller 

Figure 6 shows the speed controller that the reference 

speed is compared with the actual speed to get the speed 

error which is manipulated by a PI controller. The output 

from the PI controller is the reference active power, 

which is used by the BDFG controller as mentioned 

before. The reference speed is determined from the 

maximum power point tracking curve shown in Figure 7. 

 

 

 

 

 
Fig. 6. Block diagram of speed controller 

 

 
Fig. 7.Optimal output power versus rotor speed 

 

3.7 Pitch Angle Controller 

The pitch angle controller is only active in high wind 

speeds. The aim of this controller is to limit the output 

power and rotor speed to their rated values.  

When the output power is below its rated value the 

pitch controller sets the pitch angle equals zero, since it 

is the optimum value for maximizing the output power. 

However, when the output power exceeds the rated value 

the pitch controller increases the pitch angle in order to 

decrease the performance coefficient and hence 

decreasing the power captured. Figure 8 shows the block 

diagram of the pitch angle controller. Since the pitch 

angle cannot change immediately due to the size of rotor 

blades, a rate limiter is provided. It limits the rate of 

change of the pitch angle to 7
0
/s. 

 
Fig. 8. Block diagram of Pitch Angle Controller. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.  Novel variable structure coordinated sliding model controller scheme with (P, Q) loop inter-coupling *
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4. DIGITAL SIMULATION RESULTS 

The mathematical model of the overall system has 

been simulated in Matlab-Simulink, with a fixed step 

solver of fixed step size equals to 0.001sec. The 

parameters of the wind turbine and the BDFM are given 

in Appendix B, in addition, the parameters of all 

controllers used are listed in Appendix C.  

Different scenarios are simulated to assess the 

dynamic performance of both the BDFG controller and 

the overall control of the variable speed /variable pitch 

wind turbine. The dynamic response of the system is 

investigated when the system is subjected to different 

patterns of wind speed as given in following subsections. 

 

4.1 Digital Simulation Results for Wind Speeds Below its 

Rated Value 

The simulation was carried out when the wind speed 

had a mean value of 9 m/s with turbulent intensity of 8 % 

as shown in Figure 9(a). The output active power from 

the power winding is shown in Figure 9 (b). It can be 

noticed that the fast oscillations in wind speed are 

filtered out from the electrical output power.  

Figure 9 (c) depicts the generator speed, from which 

it can be seen that the generator speed follows the 

reference speed exactly. This assures that the generator is 

able to extract maximum energy from the wind. It can 

also be seen that the speed controller has fast response to 

the changes in wind speed. 
 

 
(a) 

 
(b) 

 
(c)  

Fig. 9. Wind speed pattern for 150sec. duration (a), 

injected active power to the grid from the PW (b), rotor 

speed response and its reference (c) 

Figure 10(a) depicts the tip speed ratio (TSR) of the 

wind turbine; it can be seen that this ratio is 

approximately equal to the optimal value (λopt=6.3). It 

means that the wind turbine operates at the optimum 

condition. Figure 10(b) shows the value of the 

performance coefficient of the wind turbine. It can be 

noted that its value almost coincides with the optimal 

value of this turbine which is equal to Cpmax= 0.438. 

Figure 10(c) illustrates the reactive power response and 

its command, in which the command reactive power was 

set to zero. 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 10. Tip Speed Ratio of the wind turbine (a), 

performance coefficient of the wind turbine (b), reactive 

power response of the PW (c) 

 

4.2 Digital Simulation Results for Wind Speeds around 

its Rated Value 

The simulation was carried out when the wind speed 

had a mean value of 12 m/s with turbulent intensity of 8 

% as shown in Figure 11 (a), (b), (c) illustrate the output 

active power from the BDFG and the rotor speed 

respectively. It can be noticed that during the interval, at 

which the wind speed is larger than its rated value the 

speed and pitch controllers are active in order to limit the 

output power and rotor speed to their rated values. On 

the other hand when the wind speed is smaller than the 

rated value the speed controller only is active to 

maximize the output power, but the pitch controller is 

inactive.  

Figure 11 (d) illustrates the pitch angle of the wind 

turbine blades. It can be seen that the pitch controller was 

active only in the interval, during which the wind speed 

is larger than the rated value. Figure 11 (e) illustrates the 

reactive power response. 



S.O. Madbouly, A.M. Sharaf, Turk. J. Electrom. Energ. 1(2) 8-16 (2016) 

 

13 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 11. Wind speed pattern for 150 s. duration (a), 

injected active power to the grid from the PW (b), rotor 

speed response and its reference (c), pitch angle (d), 

reactive power response of the PW (e)    

4.3 Digital Simulation Results for Step Change of Wind 

Speed 

The simulation results of the system under study are 

carried out when the system is subjected to a step change 

in wind speed as shown in Figure 12 (a). Figure 12 (b) 

depicts the dynamic response of the active power of the 

power winding, it can be seen that the active power 

response has a very small overshoot at the instance of 

step change of wind speed. Figure 12 (c) shows the 

response of the reactive power. Figure 12 (d) shows the 

speed response of the rotor, it can be seen that the speed 

of rotor follow the reference speed with small overshoots 

at the instance of step change. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 12. Wind speed pattern for 150 s. duration (a), 

injected active power to the grid from the PW (b), 

reactive power response of the PW (c), rotor speed 

response and its reference (d). 
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4.3.1 Digital Simulation Results for Short Circuit 

Condition 

The simulation results of the system under study are 

carried out when the system is subjected to short circuit 

at the generator bus. The wind speed was equal to 12 

m/s. The output active power from the generator was 

equal to 1 pu, while the reactive power was equal to zero. 

The short circuit happened at t = 50 s for duration of 5 

cycles (0.1 s) then the fault is cleared. 

Figure 13 (a) shows the transient response of the 

active power output from the power winding of the 

BDGF. It can be seen that, the power delivered from the 

BDFG during the fault dropped to zero then after the 

clearance of the fault it increased to about 1.77 pu, due to 

the acceleration action, then it is reduced quickly to its 

steady state value.   

Figure 13 (b) depicts the dynamic response of the 

speed of the wind turbine rotor, it can be seen that at 

instance of sc occurrence the speed is increased to 1.058 

pu, since there is no output power and the input power is 

absorbed by the rotating parts. Figure 13 (c) shows that 

the reactive power response is associated with fast 

oscillations and a 2 pu overshoot then it drops quickly to 

the same steady state value before the occurrence of the 

fault.  

Figure 13 (d) shows the PW current, it can be seen 

that the PW current reached 2.1 pu during the fault, then 

it quickly drops to its steady state value after the 

clearance of the fault. Figure 13 (e) shows the transient 

response of the control winding current. It can be seen 

that this current reached 1.6 pu during the fault. 
 

 
(a) 

 
(b) 

 
(c) 

 

(d)  

 
(e)  

Fig. 13. Output active power from the power winding 

(a), speed of wind turbine (b), reactive power output 

from the power winding (c), power winding current in 

the PW reference frame (d), control winding current (e) 

 

4.3.2 Digital Simulation Results for Open Circuit 

The simulation results of the system under study are 

carried out when the system is subjected to open circuit 

at the generator bus. The wind speed was constant at     

12 m/s, the output active power from the generator was 

equal to 1 pu, while the reactive power was equal to zero. 

The open circuit happened at t = 50 s for duration of 2 

cycles (0.04 s) then the generator is reconnected to the 

grid. 

Figure 14 (a) shows the active power response of the 

system, it can be seen that the active power is decreased 

instantaneously to zero during the open circuit period 

and at the instance of reconnecting the generator the 

power is increased with under damped response with 

maximum overshoot of 0.7 pu, the active power is then 

reached to steady state value of one pu after 1.5 s.  

Figure 14 (b) shows the reactive power response, it 

can be notice that it has a damped oscillating response 

with an overshoot of 1.1 pu. Figure 14 (c) depicts the 

speed response of the wind turbine rotor, it can be notice 

that at the instance of open circuit the speed is increased 

to about 1.04 pu, then it oscillate with damped behavior 

about its rated value, it reached the steady state value 

after 4 sec. Figure 14 (d) shows the response of the PW 

currents, it can be seen that the PW current decreased to 

zero during the open circuit interval then it return to its 

steady state value quickly after about 1 sec, also it can be 

noticed that the maximum overshoot of the PW current is 

0.8 pu. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 14. Output active power from the power winding 

(a), Reactive power output from the power winding (b), 

Speed of wind turbine (c), Power winding current in the 

PW reference frame (d) 

 

5. CONCLUSION 

This paper presented a new coordinated inter-coupled 

variable structure controller for the brushless doubly fed 

induction generator (BDFG) with P, Q loop inter-

coupling for the purpose of controlling its active and 

reactive power. The application of the novel controller 

for the BDFG machine is validated through simulation 

analysis on Matlab/Simulink program. The dynamic 

response of the brushless doubly fed induction generator 

with this proposed controller is obtained and analyzed. 

By inspection of the dynamic response, it can be realized 

that the dynamic response of the BDFG when provided 

with the proposed controller is improved and the power 

ripple is minimized in compared with that of the 

conventional proportional plus integral (PI) controller. 

The Inter-Coupled controller ensures less ripple content, 

fast dynamics response and enhanced dynamic fast 

tracking of power (P, Q) references. 

APPENDICES 
 

Appendix (A) 

Derivation of the dynamic relation between CW and PW 

current: 

Equation (9) can be rearranged as follows: 
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r
L

iL
i



                                                            (24)                                         

Substituting equation (24) into equation (13) to obtain 

the rotor flux as a function of the PW, the CW currents 

and the PW flux yields: 
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                              (25) 

Substituting equations (24) and (25) into equation (12) 

and putting vr=0 then expanding the resulting equation 

into d-q components. Yield equations (19) and (20) 

which describes the dynamic relation between CW and 

PW currents. 
 

Appendix (B) 

(i)BDFG data: 

Rsp=1.732Ω                Rsc=1.079Ω              Rr=0.473Ω          

Lsp=714.8 mHLsc=121.7 mHLr=132.6 mH 

Lhp=242.1 mHLhc=59.8 mHp1=3         p2=1                    

(ii)The wind turbine data: 

Number of blades = 3                Blade radius Rr = 37.5 m 

Turbine inertia (pu) = 2.5 s   Cut in speed = 3 m/s,  

Cut out speed = 25 m/sρ = 1.225 kg/m
3
,  

Gear box ratio 1:42 

 

Appendix (C) 

(i) Parameters of the novel controller: 

T1 = 0.003 s T2 =0.001 s 

βp=0.7+5ep Βq=0.78+70eq 

Kp= 0.1 Kq=-0.1 

PI controller -1  Kp= 40 , Ki= 10 PI controller -1  Kp= 45, Ki= 25 

(ii) Parameters  of the speed PI controller: 

Kp= 1.8                                      Ki = 0.8 

(iii) Parameters of the pitch angle PI controller: 

Kp = 20                                       Ki = 5 
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